protect the object while also monitoring deterioration or changes due to exhibit and other environmental conditions. Contiguous illumination from the ultraviolet, visible, and infrared spectral regions allows the capture of lost, obscured, and deteriorated information. The resulting image cube allows greater capabilities for mapping and coordinating a range of complementary chemical and spectral analyses. The capabilities of this technique are illustrated by a review of results from analysis of the Waldseemü ller World Map, the L'Enfant plan for Washington, D.C., and the first draft of the U.S. Declaration of Independence.
Advanced Spectral Imaging for Noninvasive Microanalysis of Cultural
Heritage Materials: Review of Application to Documents in the U.S.
Library of Congress
Hyperspectral imaging was originally developed for remote sensing and astronomical applications, but adaptations of this technology have been of great benefit to the preservation of cultural heritage. Developments in noninvasive analytical techniques have advanced the preservation of cultural heritage materials by enabling the identification and analysis of a range of materials, utilizing their unique spectral response to nondestructively deter-mine chemical composition, and determining states of deterioration and change due to environmental conditions. When used as a tool for noninvasive characterization of cultural heritage, these spectral imaging systems allow the collection of chemical identification information about materials without sampling, which is a critical factor for cultural heritage materials. The United States Library of Congress has been developing the application of hyperspectral imaging to the preservation and analysis of cultural heritage materials as a powerful noncontact technique. It allows noninvasive characterization of materials, by identifying and characterizing colorants, inks, and substrates with narrow-band illumination to INTRODUCTION O riginally developed for remote sensing, astronomical imaging, microspectroscopy, and optical character recognition, spectral imaging tools have been adapted for application to items of cultural heritage to enable the noninvasive chemical characterization of historic materials, recover data from historical texts on degraded manuscripts, and monitor non-visible changes in fragile materials to optimize conditions for storage and display of cultural heritage objects. An ongoing challenge associated with the preservation of cultural heritage is the need for advances in noninvasive, nondestructive analytical techniques that can be used to identify and analyze substrates (paper, parchment) and media (inks, pigments, colorants). The adaptation of spectral imaging systems as a tool for noncontact characterization of cultural heritage items allows the collection of chemical identification information about materials without sampling. These imaging tools have been continually customized for the cultural heritage field for characterization of library and artist materials. 1 The Library of Congress Preservation Research and Testing Division (PRTD) has developed the application of hyperspectral imaging to the preservation and analysis of cultural heritage materials as a powerful, noncontact technique with a range of capabilities. The critical component of the advanced spectral imaging is the capability for chemical characterization of materials, providing both access and enhanced non-visible and visible information in registered highresolution digital images. This noncontact tool can identify and characterize colorants, inks, and substrates through their specific spectral response, monitor deterioration or changes due to exhibit and other environmental conditions, assess and potentially identify previous treatments that modify chemical and spectral responses of cultural heritage materials, and detect and capture watermarks on paper. Furthermore, it has the added advantage of providing a spectral map of each compound over the entire surface of the object, as opposed to the more common single-point analysis of many other chemical analytical techniques.
The integrated hyperspectral camera, lighting system, and data acquisition process allow the creation of a standardized capability to collect high-resolution images for sophisticated image analysis and processing, while the image cube that is created provides the specific x, y, z and three-dimensional spectral curves unique for each material. Integrating imaging with material characterization supports the development of spectral preservation databases and spatial mapping to enhance the tracking of deterioration changes. The development of this nondestructive analytical technique is imperative for the examination of nationally and internationally significant cultural heritage objects. The integration of data from other analytical techniques creates a full analytical mapping of objects for nondestructive analyses of a variety of heritage materials, including manuscripts, maps, and early photographs.
LIBRARY OF CONGRESS SPECTRAL IMAGING SYSTEM
The successful transfer of spectral imaging to cultural heritage institutions depends on how effectively the new technology can be adapted and integrated into preservation laboratory research processes, research methods, and current laboratory and analytical systems. 2 Ongoing collaborations have led to the development of a robust research imaging system, customized for the analysis of cultural heritage materials while utilizing conservation-safe illumination.
The MegaVision-Equipoise Eureka-Vision TM (MegaVision, Inc., Santa Barbara, CA) imaging system was installed at the Library of Congress (LC) in 2008 and has been developed and upgraded extensively over the past two years, while imaging a wide range of collection items. 3 Utilizing a 39 megapixel monochrome camera (7216 3 5412) E6 back, and APO-Digitar 5, 6/120 lens, the camera setup is integrated with light-emitting diode (LED) illumination panels that span the spectral range of 365 to 1000 nm, extending from the ultraviolet (UV), through the visible (VIS) and into the near-infrared (NIR) range (see Fig.  1 ).
The full widths at half-maximum (FWHM) of the spectral curves for individual LEDs range from 6 nm to 30 nm. Remote sensing imaging spectroscopy has demonstrated that many surface features have diagnostic absorption features that are 20 to 40 nm wide at FWHM, enabling these spectral imaging systems to acquire data in bands of a width that provides sufficient resolution for the direct identification of a wide gamut of organic and inorganic materials. 4, 5 Capturing UV, visible, and NIR spectral data in reflected, transmitted, and raking (side-lighting) illumination orientations, while minimizing handling of fragile items, allows greater analysis and post-acquisition processing. All images are accurately registered, enabling almost unlimited combinations of spectral wavebands for processing and characterization. Filters for fluorescence and polarization have been integrated into the system to expand the current imaging capabilities. 6 Customized MegaVision software (Photoshoott) allows full integration of the image acquisition and control of illumination and other parameters. Figure 2 illustrates a screen capture of this software with optimized histograms for each spectral waveband and a selection of the images that form the data cube.
The LC spectral imaging system involves taking a series of digital images illuminated by each individual UV, visible, or NIR LED to detect variations in components or chemical composition of the object under investigation. Resulting images can then be processed to form a broad array of images for scientific analysis. These spectral images contain a wealth of information but require significant interpretation to process and analyze the collected data. The development of a spectral database of aged and deteriorated cultural heritage materials is critical to the accuracy of this data interpretation process. Hyperspectral imaging of cultural heritage objects requires well-developed scientific metadata to capture and integrate object identification, spectral, and spatial information. The convergence of scientific techniques and the creation of large digital data sets with library and museum objects require a metadata standard that encompasses multiple domains and goes beyond the provisions of any single existing metadata standard. Data acquisition and use of appropriate formats for integrated scientific data require careful analysis of the needs of scientists, scholars, and cultural institutions. Fully validated, robust digital systems are required to enable both the efficient and accurate collection of data, as well as long-term sustainable storage, processing, and access in nonproprietary formats. The raw image file format is generated as an open source standard digital negative graphic (DNG) and after a ''flattening'' process to correct for any minor variation in light intensity across the imaging surface, a 16-bit tagged image file format (TIFF) image cube is generated for analysis and further processing. While the Library has endeavored to utilize open source software, the need for a standardized product and procedures led to analysis and comparison of a range of freely available and off-the-shelf (OTS) image processing software packages. Due to the size and complexity of analysis, the application of more developed spectral processing software has provided the required results and the ability to install robust and sophisticated algorithms. Open source and OTS image processing packages including ENVI-ITT, Image J, and Photoshop CS3, and CS5 software have been utilized in processing the image cubes for materials characterization and generation of spectral curves, as well as to enhance obscured and hidden features. Data are stored using broadly accepted standards for later retrieval and analysis, focusing on accurate, standardized metadata and file formats. 7 The system provides the foundation for layering levels of spectral data and creates a composite cube of this data from noninvasive imaging that can map and link additional layers of information with other analytical modalities. The control of potentially damaging light levels and fluctuating environmental factors found in other analytical techniques enables this spectral imaging technique to minimize the impact on fragile collection items. Integration with spectral reference libraries and advanced image processing software facilitates identification of chemical composition, changes due to deterioration to reveal areas at risk, changes to the document from previously undetected historic details, detection of change and impact from environmental conditions, and document archaeology. 8 In general, spectral imaging measures the reflectance of materials to assess their chemical composition. This is similar to remote sensing imaging with spectral measurements through the atmosphere to calculate the intensity of spectral differentiation from areas of interest in the region being imaged. The response from a surface of a material can be characterized by the percentage of incoming energy (illumination) it reflects at each wavelength across the electromagnetic spectrum. Its spectral reflectance curve is an essentially unchanging property of the material. An essential aspect for cultural heritage materials is that chemical change or environmental deterioration can modify the spectral response. Additional imaging applications have been developed utilizing transmitted light imaging throughout the UV-VIS-NIR spectral range to detect features such as watermarks, previous conservation or preservation treatments, or environmental changes. Such spectroscopic measurements can be used to detect chemical variations to determine the presence of a specific material in a cultural object and map the distribution of this compound or materials across the object. This is of particular interest for heritage objects when the spectral response of the substance is detected through its transmission properties and not in reflectance imaging.
To enable accurate characterization of cultural heritage materials, a spectral reference library is required that reflects the extensive range and diversity of heritage materials, including aged, treated, and deteriorated reference standards. Cultural heritage materials rarely have extensive documentation of their history, so changes in materials over the lifetime of the object can modify their spectral response. The Library of Congress is creating a spectral database that includes modern un-aged materials and naturally and artificially aged reference samples to characterize heritage materials without the need for sampling.
DISCUSSION
A diverse range of LC collection items have been imaged using this spectral imaging system. These items encompass a wide gamut of cultural heritage materials and include a range of substrates that have varying histories, such as treated paper documents, parchment prepared by various traditional methods, and photographic materials. Each object comprises information captured on its surface due to the presence of different inks, colorants, pigments, and dyes. Hyperspectral imaging has the capability to both spectrally classify materials and map the distribution of these components across the surface of heritage materials, and this totally noninvasive technique has been incorporated into research analyses as the first examination method for all Library collection items. Examples from LC collection items will be used to outline the range of scientific and scholarly information acquired through these analyses.
THE WALDSEEMÜ LLER 1507 WORLD MAP
The Waldseemüller 1507 World Map was the first map to refer to America and is sometimes referred to as America's birth certificate. The copy at the Library of Congress is the only known survivor of the 1000 copies of the map that were believed to have been printed (see Fig.  3 ). The Waldseemüller map was also the first map (printed or manuscript) to depict clearly a separate Western Hemisphere, with the Pacific as a separate ocean, and represented a huge leap forward in attempts to document and update new geographical knowledge. 9 Since the exchange between the German Government and the Library of Congress requires that the twelve sheet map composite will always be on exhibit for anyone to view, a large anoxic display encasement was designed to maintain a 20-30 year hermetic seal, with a decision to use hyperspectral imaging prior to encasement to capture as much spectral information as possible for researchers. Over time the inscribed red grid lines on sheets six and seven had faded. Since these were important added features in the cartographic history of the map, this was critical information to be recovered and enhanced for curators. These lines could be distinguished by their unique spectral response, allowing spectral processing techniques to re-construct the lines through principal component analysis (PCA) and pseudo-color rendering, as shown in Fig. 4 . This reconstruction allowed researchers to assess overlays and interactions with other components of the map to deepen understanding of map-making and woodblock printing techniques in the 1500s.
While the Waldseemüller 1507 world map is famous for the first reference to ''America'' it remains a source of intrigue because the precise time and location of printing is not specifically known. 10 Joseph Fisher, a Jesuit historian conducting research in the library collection of Wolfegg Castle, Württemberg, Germany, who discovered the map in 1901, was convinced that the World Map sheets were printers' proof sheets. The ability to increase knowledge about how the woodcut was produced or created held significant interest. Specialized processing, utilizing images taken with the side-lighting panels in the VIS (blue) and NIR regions (470 and 910 nm, respectively), created a virtual 3D rendering of the map. This gave a visual perception of what the original wood-cuts that the map was printed from may have looked like. Very few original woodcuts still exist, so the processed images created from this specialized algorithm, as illustrated in Fig. 5 , allowed an analysis of possible techniques, materials, and tools used in the early 1500s to create woodcuts.
L'ENFANT'S PLAN OF WASHINGTON, D.C
The plan for the city of Washington, D.C., officially referred to as ''the Plan of the City, intended for the Permanent Seat of the Government of the United States,'' was drawn by Pierre Charles L'Enfant in 1791. 11 This manuscript was covered with a hide glue coating in the 1860s prior to entering the Library collection, with the intent to protect fugitive inks and colorants, but the unintended effect was to further reduce viewing of the plan. The coating impacted the spectral imaging and necessitated modification of default imaging parameters during initial setup to accommodate the deteriorated surface coating and allow advanced spectral processing of the image cubes. Translucent scattering and fluorescence of substrate materials can lead to challenges with spectral imaging, including the need to control the illumination directionality and diffusion. Imaging revealed the underlying details hidden under the surface and enhanced in the near infrared when the paper discoloration and other soiling become increasingly reflective, while the street grid and other annotations become increasingly absorbent (see Fig. 6 ).
The detailed plan for the city for Washington, D.C., represented an evolution in the utilization of cartography. L'Enfant's Baroque style plan featured ceremonial spaces with grandiose radiating avenues, taking into account the natural topography of the planned site. Thomas Jefferson requested radiating avenues to create focal points for the two most significant sites-the houses to be occupied by the President and Congress. Fifteen numbered sites were shaded at the intersection of the avenues, located to visually connect topographical sites throughout the city. As recently as 2009, there were suggestions of the use of Masonic symbols underlying the creation of the L'Enfant Plan, with researchers overlaying concentric circles and lines to search for symbols hidden amidst the crisscrossing streets. 12 A recent discovery through spectral imaging revealed markings that could indicate the presence of a circle at K and 16th street, just above what was then referred to as the ''Presidents house'' (now the White House) on the original plan. This image, shown in Fig. 7 , also captured the presence of references to plot numbers (186, 187) between I and K street, as well as a pencil notation of ''I'' for what is now known as I street. Historical documentation referred to Jefferson's plan for a small federal city near what was then known as Hamburg, now referred to as the suburb of Foggy Bottom. The plot numbers may relate to plots previously outlined in maps of the original Hamburg city plan. Details of these pencil details were most apparent in the near infrared (870 nm), with subsequent principal component analysis (PCA) further enhancing the details.
Due to the topography of the paper, the ''chain'' and ''laid'' lines of the paper illuminated prominently. This increased the level of noise for processing of images. Figure 8 illustrates an inverted image processed to enhance the contrast of specific features by reducing the impact of the spectrally diffuse coating and paper topography.
At higher resolution using illumination at approximately 458 incidence, a periodic series of raised and depressed lines rise from shadows created by surface topography of the chain and laid lines of the paper. Because these shadows contribute prominently to contrast in the images, their visibility interferes with that of other features of interest. Figure 9 illustrates the use of Fourier based spatial filtering to remove the periodic horizontal banding (left image) so that visibility of the paper watermark in the L'Enfant Plan could be improved (right image). To further enhance the image, a local background subtraction was performed using a neighborhood 100 pixels in size, followed by contrast enhancement based on global image statistics. This approach is being more widely developed for use on watermarks, which are among the most important features used in the investigation of paper materials. The removal of slowly varying intensity, through the use of long-pass spatial filters, is also being implemented in our processing software.
Spectral imaging has proven useful for mapping the spectral response of different materials both for characterization and confirmation with further analyses. The development of a spectral database of scientific samples of reference materials has enhanced the capability of the hyperspectral imaging to nondestructively characterize compo- nents. The capacity to link and map these changes on a digital compilation and integration of the analyses is a critical component for advancing nondestructive analyses. The ability to link a range of scientific analyses in relation to a single object enhances the knowledge about that object. One of the critical components of the spectral response mapping obtained from the hyperspectral imaging is the ability to assess and characterize treatment information, as well as differences in materials due to composition that may relate to a difference in stability or degradation. The prior treatment report referred to the presence of two different types of ink, one more corrosive than the other. Spectral responses of these two inks showed a reduction in reflectance for the more corrosive ink in relation to both the background of the paper and the less corrosive ink. Additional nondestructive analyses corroborated this evidence when elemental data was obtained with a portable X-ray fluorescence spectrometer. Elemental peaks obtained confirmed differences in the levels of elements present in the iron gall inks: iron, copper, and sulfur. Data normalization confirmed a distinct difference in the composition of the inks that could be utilized for preservation assessments to minimize further deterioration changes in the inks and the object substrate.
THOMAS JEFFERSON'S HANDWRITTEN DRAFT OF THE DECLARATION OF INDEPENDENCE
One of the challenges of working with cultural heritage materials is the lack of historical documentation. Historic events and treatments can impact the spectral response of materials where two objects made from the same substrate and media can exhibit distinctly different responses based on this unknown background. Spectral imaging can provide a forensic-type approach to deter- mining and recovering historical information, including a baseline to determine the mechanisms of degradation that impact longevity. Thomas Jefferson's handwritten draft of the Declaration of Independence illustrates how new technologies and multidisciplinary collaboration can continue to add knowledge to documents that have been examined at length by generations of researchers. Jefferson wrote this first draft with amendments from Dr. Franklin and Mr. Adams, the two members of the committee he wished to benefit from in regard to their judgment on content. 13 The document contains the term ''United States,'' the first time this term had been used in an official document, and sets the world context for the cultural influence of this document post 1776, with meanings that varied as widely for Americans as they did for international audiences. 14 Spectral imaging of the handwritten draft revealed a number of changes, with the specific spectral response of inks illuminating overwritten changes. As Jefferson noted, any changes or amendments were specifically annotated and attributed to each person involved in the drafting of the document. However, there is one region where an obvious ''smudge'' of the under-text hints at the presence of a previous word. Image processing of this region proved challenging, given that the document was laminated and the inks were spectrally very similar in composition. Figure 10 illustrates image processing with subtraction of bands 10-5 (NIR, green visible) image inversion, and overlay.
It was finally revealed that Thomas Jefferson had originally written ''fellowsubjects'' and changed this to ''fellowcitizens'' (see Fig. 11 ). This word correction had been suspected for some time, with a researcher from Princeton University noting that Jefferson was copying the term from the First Draft of the Virginia Constitution, rapidly erasing this while the ink was still wet on the ''Rough draught'' and carefully covering it with the word ''citizens''. 15 This immediate and deliberate overwrite is the only location on the entire document where a hasty change is apparent, along with a deliberate attempt to completely expunge the original writing. Everywhere else in the draft document, changes are both neatly crossed out and clear insertions are made. If the change or insertion was not made by Jefferson he carefully notes this in the margin. Processing of the image sequence outlined in Fig. 11 included taking the difference between two bands (NIR and visible) and ratios between wavebands with an Otsu multithreshold technique to enhance different intensity ranges. Pseudo-colors were assigned and transition edges removed to allow the ''joining of the dots,'' with the word citizen made equal to the background text so as to be essentially removed for clarity of viewing of the under-text. Figure 12 shows a comparison of the over-and under-text ink responses for subjects and citizens based on their spectral response.
The development of a spectral database of scientific samples of reference materials has significantly enhanced the capability of spectral imaging to noninvasively characterize components. An essential element for effective utilization of any scientific instrumentation system is access to reference materials that have been accurately characterized with the instrument and confirmed with other scientific techniques. This is true for the Library spectral imaging system, with the development of an extensive collection of characterized reference scientific samples. 16 PRTD has established a Cartesian coordinate system for spectral images so that ''scriptospatial'' plotting can be used to link scientific analyses to specific points on the images. The use of temporal or historic GIS systems has been investigated for cultural heritage studies, demonstrating the importance of the ability to link and coordinate related data sets. PRTD's object-centric approach allows a range of information and analyses to be layered and linked to the original object through this digital ''cultural heritage object''. This greatly enhances the capacity to integrate and access scientific and scholarly information, as well as generating links between these related datasets.
Researchers are recognizing the significant resources of advanced search and analytical capabilities from technological advances such as digital data cubes and spectral imaging. The wealth of stored information can be accessed through new powerful and noninvasive technologies to efficiently analyze vast stores of digitized materials. These technologies help preserve original materials while generating a new interface or knowledge representation for scholars and humanities researchers, adding value to integrated multidisciplinary collaborations.
CONCLUSIONS
Spectral imaging of cultural heritage objects provides a powerful analytical tool for noninvasive research linked with a range of complementary scientific noncontact instrumentation. The transfer of technology from other sci-entific fields has shown potential for the cultural heritage arena, particularly in the expansion of noninvasive analyses. The underlying goal with new modalities is to address preservation of the original object, since the recovery of obscured information and noninvasive spectral characterization would not have been possible had the original object not been preserved. Spectral imaging has a bilateral approach: acquiring materials composition data to preserve the original object, and acquiring baseline recovered information should further irreversible deterioration occur. The ''scriptospatial'' linking of complementary data sets enables researchers to have greater access to and interpretation of data, ensuring a more multidisciplinary and collaborative approach to the preservation of cultural heritage. The capacity to assess the spatial distribution of materials greatly augments an objective understanding of the heritage material, allowing layers of scientific, cultural, technological, and historical information to be integrated and mapped. This increases the accuracy of analyses and interpretation. Developments in noninvasive materials characterization have advanced current techniques for preserving cultural heritage. Advanced processing techniques enable temporal data sets to highlight changes in materials composition without the need for invasive techniques. Spectral imaging can detect changes due to environment, treatments, and other factors, effectively generating data to optimize exhibition and storage. A continued focus on collaboration between people, data, and processes is a major factor in promoting access to and integration of scientific and humanities research, emphasizing the importance of linking the original artifact with digital tools and techniques for visualizing and disseminating new knowledge of cultural heritage materials. Combining all the benefits of noninvasive imaging techniques will ensure that precious cultural heritage artifacts remain preserved to await new technological advances and for future generations to enjoy.
